Recently, the determination of S-phenylmercapturic acid (S-PMA) in urine has been proposed as a suitable biomarker for the monitoring of low level exposures to benzene. In the study reported here, the test has been validated in 12 separate studies in chemical manufacturing plants, oil refineries, and natural gas production plants. Parameters eight hour exposure to airborne benzene of 1 mg/m3 (0 3 ppm) and higher and urinary S-PMA concentrations in end of shift samples. It was calculated that an eight hour benzene exposure of 3-25 mg/m3 (1 ppm) corresponds to an average S-PMA concentration of 46 pg/g creatinine (95% confidence interval 41-50 pg/g creatinine). A strong correlation was also found between urinary phenol and S-PMA concentrations. At a urinary phenol concentration of 50 mg/g creatinine, corresponding to an eight hour benzene exposure of 32-5 mg/m' (10 ppm), the average urinary S-PMA concentration was 383 ug/g creatinine. In conclusion, with the current sensitivity of the test, eight hour time weighted average benzene exposures of 1 mg/m' (0 3 ppm) and higher can be measured.
eight hour exposure to airborne benzene of 1 mg/m3 (0 3 ppm) and higher and urinary S-PMA concentrations in end of shift samples. It was calculated that an eight hour benzene exposure of 3-25 mg/m3 (1 ppm) corresponds to an average S-PMA concentration of 46 pg/g creatinine (95% confidence interval 41-50 pg/g creatinine). A strong correlation was also found between urinary phenol and S-PMA concentrations. At a urinary phenol concentration of 50 mg/g creatinine, corresponding to an eight hour benzene exposure of 32-5 mg/m' (10 ppm) , the average urinary S-PMA concentration was 383 ug/g creatinine. In conclusion, with the current sensitivity of the test, eight hour time weighted average benzene exposures of 1 mg/m' (0 3 ppm) and higher can be measured.
(British Journal of Industrial Medicine 1993;50:460-469) The most often used method for the biological monitoring of exposure to benzene is the determination of urinary phenol concentrations. Phenol and its conjugates are the main metabolites in the urine after benzene exposure, whereas much smaller amounts of hydroquinone, catechol, trans:trans-muconic acid, and S-phenylmercapturic acid are excreted.' Urinary phenol is a suitable biomarker for measuring occupational eight hour time weighted average (TWA) benzene exposures of 10 ppm (32-5 mg/m3) or greater." Several national and international authorities have recently advised reduction of occupational benzene exposure to lower concentrations.' At airborne benzene concentrations below 6 ppm (eight hour TWA), urinary phenol is not a reliable biomarker for individual persons due to the lack of specificity of the method of measurement. 3 Benzene concentrations in blood and in exhaled air have been used as specific and sensitive biomarkers for measuring both occupational and nonoccupational exposure to benzene.3 7 8 In occupational health surveillance, however, the use of urine as a sampling medium is preferred because it can be readily obtained by non-invasive means.
Recently, assays have been developed by different groups for the determination of either S-phenylmercapturic acid (S-PMA) and trans:trans-muconic acid (t, t-MA) in urine as biomarkers of higher specificity for benzene monitoring than urinary phenol."' S-PMA is a marker for a detoxication pathway of benzene metabolism, and t,t-MA is produced by biotransformation of trans,trans-muconaldehyde, which is considered as one ofthe benzene metabolites responsible for its toxicity.' The S-PMA test was useful for monitoring subjects exposed to eight hour TWA benzene concentrations as low as 1 ppm.9 For the t,t-MA assay, the authors claimed that benzene exposure between 2-6 and 7 ppm (eight hours) or greater could be measured.'""
We have adopted the earlier published S-PMA method,9 and applied a modification of the assay to workers who had potential exposure to benzene in different industrial situations. The aims of the study were firstly to improve our knowledge of the kinetics of the urinary excretion of S-PMA as a function of time and secondly to determine the relation between occupational exposure to benzene and urinary excretion of S-PMA.
Materials and methods

POPULATIONS AND COLLECTION OF URINE AND AIRBORNE SAMPLES
To validate the S-PMA method, 12 studies in 10 locations (five countries) have been carried out since 1989 on workers who were potentially exposed to benzene during manufacturing and maintenance operations in chemical plants and in refineries and during pre-shutdown operations in natural gas installations. Urine samples were collected for S-PMA analyses in all studies and for phenol analyses in five studies. Benzene concentrations in the breathing zone of the workers were assessed by personal air sampling on the days of urine collection in nine studies.
For the estimation of normal values, S-PMA was also determined in urine samples of 48 control persons who were not occupationally exposed to benzene. This group comprised 28 non-smokers and 20 cigarette smokers.
Three surveys were carried out during operations in a chemical manufacturing site in The Netherlands.
Studies 1 and 2 were performed in 1989 and 1990 respectively in a chemical plant where benzene is used for the production of ethyl-benzene. Study 1 took place on 12 workers. Ten of them provided urine samples for S-PMA and phenol determination at the beginning and the end of the eight hour shift during three to five consecutive days and two of them during one day. Personal air sampling was carried out on 11 workers during the full time of each shift using passive dosimeters (3M gas diffusion badges, type 3500). The detection limit of airborne benzene concentrations for an eight hour sampling period was 0 5 mg/m' (eight hour TWA). Study 2 was carried out on 23 workers who were asked to provide urine samples for S-PMA and phenol analyses at the beginning and the end of both the first and the fifth day of their working week. Some of the workers also provided urine on the second, third, and fourth day of the working week. Personal air sampling was carried out as in study 1, but the detection limit of airborne benzene had been lowered to 01 mg/m' (eight hour TWA).
Study 3 took place in 1991 and 1992 on 156 workers who provided urine for S-PMA and phenol analyses at the end of a shift on a random basis after activities where peak exposures to benzene might have occurred, for example, repair work on pumps. Personal air sampling was not performed.
Six surveys have been carried out on workers in oil refineries located in Germany, The Netherlands, Norway, Saudi Arabia, and Sweden. Study 4 took place in 1989 on three workers and one laboratory technician who provided urine for S-PMA and phenol analyses at the beginning and the end of each shift during four consecutive days. Personal air sampling was carried out with 3M gas diffusion badges, type 3500. The detection limit was 0-1 mg/m' (eight hour TWA).
A similar investigation (study 5) took place in 1990 on three workers and one laboratory technician who provided urine samples for S-PMA determination at the beginning and the end of the eight hour shift during five consecutive days. Personal air sampling was carried out using 3M gas diffusion badges. The detection limit was 01 mg/m3 (eight hour TWA). Study 6 was performed in 1990 in the same refinery as in study 5 on 16 workers who were involved in the cleaning and maintenance of a tank used for the storage ofnatural gas condensate, which may contain benzene concentrations up to 10%. Six workers provided urine at the beginning and about one to two hours before the end ofthe eight hour shift during the first week of the operations (study 6 I), six workers during the second week (study 6 II), and four workers during the third week (study 6 III). Personal air sampling was carried out as in study 5. Study 7 was performed in 1990 on 23 persons who provided urine samples for S-PMA analyses at the beginning and the end of both the first and the last day ofa work week. The 23 persons were employed as refinery workers (12 persons), maintenance workers, mechanics, inspectors, safety guards, instrument technicians, and laboratory technicians. Air sampling was carried out by personal sampler pumps (flow rate 25 ml/min), with charcoal as adsorbent. The detection limit was 0-02 mg/m'.
Study 8 was performed in 1990 on 18 persons who provided urine samples for S-PMA analyses at the beginning and the end of both the first and the last day of a work week. Air sampling was by personal sampler pumps (flow rate between 40 and 80 ml/ min), with charcoal as adsorbent. The detection limit was 0 01 mg/m' (eight hour TWA). The 18 persons in this study included workers in the aromatics plant (benzene, toluene, and xylene), workers engaged in the blending of refinery products, workers engaged in road tanker and ship loading of refinery products, mechanics, and a laboratory technician. Study 9 took place in 1991 on six persons involved in the cleaning and maintenance of an aromatics plant in a refinery. Urine samples for S-PMA determination were collected at the beginning and the end of the eight hour shift during 10 days. Personal air sampling was not carried out.
Three studies were on workers engaged in cleaning and maintenance of installations for the production of natural gas. These installations may contain residues of benzene.
Study 10 was performed in 1990 on 13 workers engaged in pre-shutdown operations on a gas production platform in the North Sea. Urine samples for S-PMA and phenol analyses were provided at the beginning of the operations and at the end ofthe fifth, sixth, or seventh working day (12 hour shift). Personal air sampling was not carried out on the days of urine sampling.
A similar study (study 11) took place in 1991 on nine workers who provided urine for S-PMA analyses at the beginning and the end of the 12 hour shift during two or three consecutive days. Personal air sampling was by personal sampler pumps (flow rate 100 ml/min), with charcoal as adsorbent. The detection limit of airborne benzene was 0 1 mg/m3 (12 hour TWA).
Study 12 was performed in 1991 on eight workers engaged in pre-shutdown operations in a gas installation plant in The Netherlands. Urine samples were collected at the beginning and at the end of the eight hour shift during five consecutive days and analysed for S-PMA. Airborne benzene concentrations were determined as in study 11 .
In all studies, urine samples were collected in polythene bottles and acidified to pH 2 with 6M hydrochloric acid. Stability studies of S-PMA and phenol in urine had shown that under these conditions concentrations did not change if stored at room temperature or 4°C for at least one month. The samples were transported to the Shell Biomedical Laboratory, Rotterdam, for S-PMA, phenol, and creatinine determination. Urinary creatinine was determined to adjust for the dilution ofurine samples caused by differences in fluid intake between workers.
Personal air sampling and benzene analyses were performed by local staff.
DETERMINATION OF URINARY S-PMA
The method described is a modification of the previously published assay of Stommel et al.9 A 1-0 ml aliquot of urine containing 150 ng added Sbenzylmercapturic acid (S-BMA) as an internal standard (Janssen Chimica, Belgium) was extracted with 4-0 ml ethyl acetate. After centrifugation, the ethyl acetate layer was evaporated to dryness under a gentle stream of nitrogen in a water bath at 45°G and the residue was dissolved in 2 0 ml methylating agent (methanol/1 -25 M HCI). This agent was prepared by passing 46 g HC1 gas through 1 1 methanol. After methylation of S-PMA and S-BMA at room temperature for 30 minutes, the solution was evaporated to dryness under a gentle stream of nitrogen at 45°C and dissolved in 1 0 ml dichloromethane. The sample was analysed by gas chromatography-mass spectrometry selected ion recording ( The benzene vapour adsorbed on the charcoal tubes or the 3M badges during air sampling was desorbed by carbon disulphide and the solution was analysed with a gas chromatograph equipped with a flame ionisation detector using National Institute for Safety and Health (NIOSH) standard methods. '5 CALCULATIONS AND STATISTICS Urinary elimination rate constants (ks) of S-PMA were determined from workers who had provided urine samples at the beginning and the end of a shift during two or more consecutive days. The elimination rate constants were calculated assuming completed absorption and first order elimination kinetics during the urine collection period, from the formula ln(C(a)/C(e)) = -k (t(a)-t(e)), where C(e) denotes the concentration S-PMA in urine samples collected at the end of a shift (t(e)) and C(a) the urinary concentration at the beginning of the next day shift (t(a)). Occasionally higher S-PMA concentrations were found at the beginning of the next day shift. In that case C(e) denotes the urinary S-PMA concentration in samples collected at the beginning ofthat shift and C(a) at the end of that shift. In the last case, k was only calculated if workers had no detectable exposure to benzene during that working day. In all cases C(e) had to be above 10 pg/g creatinine (at least twice the analytical detection limit). Data that fulfilled these criteria were available from 31 workers. If k could be calculated more than once for a worker the data were averaged. From the average k, the corresponding half life (ti) of elimination was calculated for each worker from the formula t" = ln2/k. For 19 workers sufficient urine samples were collected during consecutive days to construct a urinary excretion v time plot. Cumulative excretion of S-PMA was estimated from the area under the curve (AUC) of this plot. In the absorption phase the linear and in the elimination phase the logarithmic trapezoidal rule was used for the calculation of the AUC using the formula:
where 0-0625 is the average urinary volume (1/hour), C(e) denotes the urinary S-PMA concentration at time t(e), and C(a) at time t(a) of the elimination phase, C(e) > C(a).
For the assessment of the percentage of the respiratory benzene dose that is excreted as urinary S-PMA, the absorbed benzene dose was calculated using the formula: CRV, where C is the benzene airborne concentration (mg/m3), R is the retention of inhaled benzene, which is estimated as 47%,16 and V is the respiratory volume during an eight hour working day (10 m3).
The relation between airborne benzene and urinary S-PMA was assessed by linear regression analysis. Two confidence intervals (CIs) were calculated-namely, the CIs for the mean value of benzene as a function of urinary S-PMA for a group and for an individual observation. The relation between urinary phenol and S-PMA was also assessed. For all calculations the mainframe version of the SAS software package (version 6 06) was used.
Results
S-PMA IN BENZENE EXPOSED AND CONTROL POPULATIONS
Concentrations of S-PMA in the urine of 48 control persons (28 non-smokers and 20 cigarette smokers), who had not been occupationally exposed to benzene, were in the range of < 2 to 6 ug/g creatinine (median < 2 pg/g creatinine). Smoking (up to 30 cigarettes a day) had no influence on the S-PMA concentrations. Baseline urinary S-PMA concentrations at the beginning of the working week had been determined for 127 workers in 11 of the 12 locations. In 25% of the samples S-PMA concentrations were above the analytical limit of detection of 5 ig/g creatinine and in 3-9% of the samples S-PMA concentrations were higher than 10 4ug/g. The highest concentrations were found in two workers of study 11 (28 and 19 pg/g). It seemed that these workers had been on the gas production platform the previous day and therefore might have been exposed to benzene. Their urinary S-PMA concentrations at the beginning of the working week therefore did not represent true baseline values. Table 1 shows that during operations with exposures to benzene in chemical manufacturing sites in The Netherlands (studies 1, 2, and 3), increased S-PMA concentrations have been found in samples at the end ofthe shift compared with samples at the beginning of the shift. Median S-PMA concentrations in samples at the end of the shift, however, were close to the analytical limit of detection, reflecting the generally low benzene exposures. Airborne benzene concentrations ranged from < 0 5 to 4 0 mg/ m3 in study 1 and from < 0-1 to 11-3 mg/m' in study 2. Corresponding urinary S-PMA concentrations in samples at the end of the shift ranged from < 5 to 41 ug/g creatinine in study 1 and from < 5 to 229 !g/g in study 2 .
The highest S-PMA concentrations (up to 543 sg/g creatinine) were found in some samples provided by workers on a random basis during manufacturing or maintenance activities where peak exposures to benzene occurred. In refinery workers (studies 4, 5, and 7) during normal operations no increased urinary S-PMA concentrations were found in samples at the end of the shift compared with the beginning of the shift. Airborne benzene concentrations ranged from <0 05 to 1-9 mg/m3 in study 4 , from <0-1 to 0-12 mg/m' in study 5, and from <0-02 to 1-8 mg/m' in study 7. group Boogaard, Beulink In the refinery with an aromatics plant (study 8) , airborne benzene measured during two days was in the range of <0 01-1 3 mg/m3. The median S-PMA concentration in samples at the end of the first working day was below the analytical detection limit of 5 ig/g creatinine (range: <5-43 pg/g). Surprisingly, the highest S-PMA concentrations (93 and 80 ,ug/g) were in the urine provided by two workers at the beginning of the last working day. These workers had airborne benzene exposure below 0 2 mg/m3 during the last working day and their S-PMA concentrations dropped to 17 and 57 ig/g respectively in urine samples collected at the end of the shift. Normally, the high urinary S-PMA concentrations were found in urine samples at the end of a working day compared with samples at the beginning of the day. This was best shown in six workers (study 6 I) who had S-PMA concentrations in samples collected at the end of the shift that ranged from 25 to 107 ,ug/g creatinine (median 38 ,ug/g). Airborne benzene concentrations ranged from 0-5 to 13 6 mg/ m3 (median 5 0 mg/m'). During one specific day, urinary S-PMA concentrations in two workers (study 6 III) increased from 6 ig/g in samples at the beginning of the shift to 30 and 67 ug/g in samples at the end of the shift. Corresponding airborne benzene concentrations (eight hour TWA) were 0-6 and 0 3 mg/m3, which is much lower than expected from urinary S-PMA concentrations. Benzene air concentrations, however, were only measured during three hours of the working day and therefore the reported eight hour TWA air exposures may have been underestimated.
During a clean out and maintenance stop of an aromatics plant in a refinery (study 9), no increased concentrations of urinary S-PMA were found in comparison with baseline values.
Workers engaged in cleaning activities of installations for the production of natural gas had increased urinary S-PMA concentrations in samples at the end of the shift (studies 10-12). The highest urinary S-PMA concentrations were found in workers of study 10, who collected samples at the end of the fifth, sixth, or seventh working day. Concentrations ranged from 11 to 153 ig/g creatinine. No airborne exposures to benzene were measured during the day of urine collection. Concentrations measured on other days, however, ranged from 2-6 to 23 mg/m3. Figure 1 shows the time courses for urinary S-PMA and phenol excretions during one working week in relation to airborne benzene exposures for two workers (study 1). For eight hour TWA exposures to airborne benzene equal to or higher than 1 mg/m3 (0 3 ppm), an increase of urinary S-PMA concentration was found in samples collected from worker A at the end of the shift, followed by a return close to baseline S-PMA concentrations in samples at the beginning of the next shift. A delayed excretion of S-PMA was seen in worker B. After benzene exposures on days 1 and 2, S-PMA concentrations in samples collected at the beginning of the next day's shifts (days 2 and 3) were higher than in samples collected at the end of the shift. After a day without detectable airborne exposure to benzene (day 3), S-PMA in the sample collected at the beginning of the next day shift (day 4) had returned to baseline.
Most workers in the studies reported here had S-PMA excretion profiles like that of worker A. For the excretion of urinary phenol, figure 1 shows that for worker A the excretion profile was similar to that of S-PMA. The lack of specificity ofurinary phenol was shown in worker B, whose urinary phenol concentration increased to about 40 mg/g creatinine on day 3 whereas there was no detectable exposure to benzene.
URINARY ELIMINATION RATE CONSTANTS AND HALF LIVES OF S-PMA
In most workers, S-PMA was excreted in a single phase, but in some workers a biphasic excretion was found. The k value for the first (fast) phase was calculated from 52 data points of 31 workers. The median k of the fast phase was 0-076 1/hour, corresponding with an apparent half life of elimination (tP) of hours (mean 9-0 (SD 4 5) hours). The interindividual coefficient of variation in tl was 50% and the intraindividual variation 37%.
The median k of the slow phase was 0-016 1/hour and was calculated from six data points of five workers. The corresponding half life was 43 hours (mean: 45 (SD 4) hours).
URINARY S-PMA EXCRETION AS PERCENTAGE OF DOSE
For 19 workers urinary excretion v time plots could be constructed that allowed an estimation of the cumulative excretion of S-PMA. From this cumulative excretion and the estimated respiratory absorbed dose of benzene, it was calculated that the average percentage of dose excreted in urine as S-PMA was 0 1 % (range 0 05%-0 29%). The relation between eight hour TWA exposures to airborne benzene and urinary S-PMA concentrations in samples collected at the end of the shift could be determined from data in studies 1, 2, 6 I, and 12.
In the other studies exposures to airborne benzene were too low to study such a relation. Data from workers who stated in a questionnaire that they wore respiratory protection during the monitoring period were excluded from the statistics. In cases where more than one data point had been generated for a worker during a specific study, the data point with the highest airborne benzene concentration and corresponding S-PMA concentration was used for the assessment of the ultimate regression line and correlation coefficient for that study (table 2: all days). Highly significant correlations were found between exposures to airborne benzene and urinary S-PMA in all four studies (table 2) . From the regression lines it was calculated that at an eight hour TWA benzene exposure of 1 ppm (3-25 mg/m3), the average S-PMA concentrations in the four studies Table 2 Relations between airborne benzene (eight hour TWA) concentrations (Y; mg/m3) and S-phenylmercapturic acid (S-PMA) concentrations in urine samples collected at the end of the shift (X; ug/g creatinine) in the various studies 
All days+ 31 0-068 0 14 0-963 46 *One working week. tMore than one working week. +Correlations have been based on the highest airborne benzene concentration and corresponding urinary S-PMA concentration of each operator during the specific study.
ranged from 22 to 55 ,ug/g creatinine. The most reliable relations were established from data generated from studies 2 and 12. In study 1, the measurement of airborne benzene had been rather inaccurate (steps of 0-5 mg/m3) and in study 6 most samples had been collected about two hours before the end of an eight hour shift, resulting in lower S-PMA concentrations at similar airborne benzene concentrations than in studies 2 and 12. For the assessment of an ultimate regression line from the studies reported here, the 31 data points from studies 2 and 12 (all days) were therefore used. Table 2 also shows the regression line and the correlation coefficient. Table 3 lists the relation between eight hour TWA exposures to airborne benzene and urinary S-PMA concentrations at the end of an eight hour shift for a group of workers (mean and 95% CIs). At an eight hour TWA benzene exposure of 1 ppm (3 25 mg/m3), the average S-PMA concentration in urine samples at the end of the shift was 46 jug/ g creatinine, with 95% CIs (as a group) ranging from 41 to 50 ,ug/g creatinine. On an individual basis the 95% CI ranged from 32 to 59 jug/g creatinine (fig 2) .
CORRELATION OF URINARY S-PMA AND PHENOL
The relation between urinary S-PMA and phenol concentrations in samples collected at the end of a shift was determined from 24 workers (seven from study 2; nine from study 3, and eight from study 10) whose urinary S-PMA concentrations were higher than 15 ,ig/g creatinine (range 15 to 543 yg/g).
Urinary phenol concentrations ranged from 3 to 65 mg/g creatinine. A highly significant correlation was found between the two parameters (coefficient of correlation 0-945). Figure 3 shows beginning. During peak exposures to benzene, urinary S-PMA concentrations up to 543 ig/g creatinine were measured (study 3) . The specificity of the S-PMA test has been shown by the low urinary concentrations in control persons (median: <2 ,g/g creatinine) and in samples of workers at the beginning of the working week (median < 5 ug/g creatinine). The benzene uptake from cigarette smoking was too small to influence the S-PMA concentrations. In their preliminary study, Stommel et al carried out S-PMA determinations in 24 hour urine samples. In monitoring studies of industrial populations, the collection of spot urine samples is more practical. To establish the most appropriate sampling time(s), the pattern of urinary excretion of S-PMA in workers exposed to benzene had to be studied. In most workers, S-PMA was excreted in a single phase and the highest S-PMA concentrations were group.bmj.com on January 25, 2018 -Published by http://oem.bmj.com/ Downloaded from during several consecutive days, was on average 0-11%. A higher conversion was found by Stommel et al (about 0-9%).' These authors made calculations on S-PMA excreted in 24 hour urine samples, which is more accurate. Nevertheless, the low percentage of benzene excreted as S-PMA in humans in comparison with other species (rats, mice) was confirmed.
The relation between exposure to airborne benzene and urinary S-PMA concentrations in end of shift samples could be assessed in four of the 12 studies reported here. Strong correlations were found in all of these four studies. There was reasonable agreement in the regression lines of airborne benzene and urinary S-PMA between the four studies taking into consideration that the studies had been carried out in different locations with different methods of personal air sampling. From the ultimate regression line (fig 2) it can be calculated that for an eight hour benzene exposure of 1 ppm (3-25 mg/m') the average S-PMA concentration amounts to 46 ig/ g creatinine with 95% CIs between 41 and 50 ig/g creatinine. This means that at a concentration of S-PMA 41 ig/g creatinine in end of shift samples, the average airborne benzene exposure during the eight hour working day, with 95% confidence, is below 1 ppm. This limit will be exceeded with 95% confidence at a urinary S-PMA concentration of 50 jug/g creatinine.
Urinary concentrations greater than 10 pg/g creatinine (twice the limit of detection) are considered to result from exposures to benzene and from the ultimate regression line this concentration corresponds to an eight hour exposure to airborne benzene of 0-3 ppm (1 mg/m').
Strong correlations were also found between urinary S-PMA and phenol concentrations. The regression line (fig 3) shows that at a phenol concentration of 50 mg/g creatinine, corresponding to an eight hour exposure to benzene of 10 ppm'7 the average S-PMA concentration amounts to 383 ,g/g creatinine with 95% CIs between 339 and 427 pg/g creatinine. Thus exposure to 1 ppm benzene (eight hour) will produce an average urinary S-PMA concentration of 38 jg/g creatinine, which corresponds well with the 46 jug/g creatinine determined in a direct way from measurements of airborne benzene. The ratio of urinary phenol and S-PMA concentrations was calculated for 13 of the 24 workers who had been included in the above correlation study and whose urinary phenol concentrations were equal to or higher than 10 mg/g creatinine. None of these workers had background urinary phenol higher than 
